Introduction
Most industrial processes respond to the actions of a feedback controller by moving the process variable in the same direction as the control effort. However, there are some interesting exceptions where the process variable first drops, then rises after an increase in the control effort. This peculiar behaviour that is well known as "inverse response", is due to the non-minimum phase zeros appearing in the process transfer function and representing part of the process dynamics. Second order dead-time inverse response process models (SODT-IR) are used to represent the dynamics of several chemical processes (such as level control loops in distillation columns and temperature control loops in chemical reactors), as well as the dynamics of PWM based DC-DC boost converters in industrial electronics. In the extant literature, there is a number of studies regarding the design and tuning of three-term controllers for SOPD-IR processes (Chen et al, 2005 (Chen et al, , 2006 Chien et al, 2003; Luyben, 2000; Padma Sree & Chidambaram, 2004; Scali & Rachid, 1998; Waller & Nygardas, 1975; Zhang et al, 2000) . On the other hand, integrating models with both inverse response and dead-time (IPDT-IR models) was found to be suitable for a variety of engineering processes, encountered in the process industry. The common examples of such processes are chemical reactors, distillation columns and, especially, level control of the boiler steam drum. In recent years, identification and tuning of controllers for such process models has not received the appropriate attention as compared to other types of inverse response processes, although some very interesting results have been reported in the literature (Gu et al, 2006; Luyben, 2003; Shamsuzzoha & Lee, 2006; Srivastava & Verma, 2007) . In particular, the method reported by (Luyben, 2003) determines the integral time of a series form PID controller as a fraction of the minimum PI integral time, while the controller proportional gain is obtained by satisfying the specification of +2 dB maximum closed-loop log modulus, and the derivative time is given as the one maximizing the controller gain. In the work proposed by (Gu et al, 2006) , PID controller tuning for IPDT-IR processes is performed based on H∞ optimization and Internal Model Control (IMC) theory. In the work www.intechopen.com proposed by (Shamsuzzoha & Lee, 2006) , set-point weighted PID controllers are designed on the basis of the IMC theory. Finally, in the work proposed by (Srivastava & Verma, 2007) , a method involving numerical integration has been proposed in order to identify process parameters of IPDT-IR process models.
From the preceding literature review, it becomes clear that results on controller tuning for IPDT-IR processes are limited, and that there is a need for new efficient tuning methods for such processes. The aim of this work is to present innovative methods of tuning three-term controllers for integrating processes incorporating both time-delay and a non-minimum phase zero. The three-term controller configuration applied in this work is the well known I-PD (or Pseudo-Derivative Feedback, PDF) controller configuration (Phelan, 1978) due its advantages over the conventional PID controller configuration (Paraskevopoulos et al, 2004; Arvanitis et al, 2005; Arvanitis et al, 2009a) . A series of innovative controller tuning methods is presented in the present work. These methods can be classified in two main categories: (a) methods based on the analysis of the phase margin of the closed-loop system, and (b) methods based on a direct synthesis approach. According to the first class of proposed tuning methods, the controller parameters are selected in order to meet the desired specifications in the time domain, in terms of the damping ratio or by minimizing various integral criteria (Wilton, 1999) . In addition, the proportional gain of the controller is chosen in such a way, that the resulting closed-loop system achieves the maximum phase margin for the given specification in the time domain, thus resulting in robust closed-loop performance. Controller parameters are involved in nonlinear equations that are hard to solve analytically. For that reason, iterative algorithms are proposed in order to obtain the optimal controller settings. However, in order to apply the proposed methods in the case of on-line tuning, simple approximations of the exact controller settings obtained by the aforementioned iterative algorithms are proposed, as functions of the process parameters. The second class of proposed tuning methods is based on the manipulation of the closedloop transfer function through appropriate approximations and cancellations, in order to obtain a second order dead-time closed-loop system. On the basis of this method, the parameters of the I-PD controller is obtained in terms of an adjustable parameter that can be further appropriately selected in order either to achieve a desired damping ratio for the closed-loop system or to ensure the minimization of conventional integral criteria. Finally, In order to assess the effectiveness of the proposed control scheme and associated tuning methods and to provide a comparison with existing tuning methods for PID controllers, a simulation study on the problem of controlling a boiler steam drum modelled by an IPDT-IR process model is presented. Simulation results reveal that the proposed controller and tuning methods provide considerably smoother response than known design methods for standard PID controllers, in case of set point tracking, as well as lower maximum error in case of regulatory control. This is particular true for the proposed direct synthesis method, which outperforms existing tuning methods for PID controllers.
IPDT-IR process models and the I-PD controller configuration
This work elaborates on IPDT-IR process models of the form
It is not difficult to see that the action of the I-PD controller is equivalent to that of a PID controller in series form having the transfer function
with a second order set-point pre-filter of the form 
The I-PD control structure 
Taking into account the above equivalence, the loop transfer function of the proposed feedback structure is given by
From relation (7), the argument and the magnitude of the loop transfer function are given by 
In Fig. 2 , the Nyquist plots of G L (ŝ) for typical IPDT-IR processes are depicted for several values of the parameter τ . From this figure, it becomes clear that, for specific d and τ , and for τ greater than a critical value, say τ ,min , there exists a crossover point of the Nyquist plot with the negative real axis. In this case, the system can be stabilized, with an appropriate choice of K C . Moreover, from these Nyquist plots, one can observe that the stability region is reduced when τ is decreased, starting from the maximum region of stability when τ ,
(which corresponds to a PD-controller 
Hence, substituting w P , as obtained by (10) 
With this choice for K C, the phase margin is given by
,, , t a n t a n tan tan , , ,
Obviously, in the case where τ =τ ,min and K C is obtained by (11) Fig. 4 , where PM max is given as a function of τ and τ D , for a typical IPDT-IR process.
As it was previously mentioned, the stability region of the closed-loop system increases with τ D . This is due to the fact that the closed-loop system gain margin increases with τ D , as one 
) as a function of τ , for several pairs (τ ,d) . Application of optimization techniques yields some useful approximations of this parameter, which are summarized in Table 3 . These approximations are quite accurate, since the respective maximum normalized errors never exceed 5%, for a wide range of d and τ Z .
Controller tuning based on the maximum phase margin specification
The above analysis provides us the means to propose an efficient method for tuning I-PD controllers for IPDT-IR processes. The main characteristic of the proposed tuning method, which is designated as Method I in the sequel, is the selection of the controller gain K C using (11). The remaining two parameters τ and τ D can be selected such that a specific closed-loop performance is achieved. In particular, one can select the parameter τ in order to achieve a specific closed-loop response while selecting the parameter τ D in order to improve this response in terms of the achievable gain margin or in terms of the minimization of several integral criteria, such as the well-known ISE criterion, the integral of squared error plus the normalized squared controller output deviation from its final value u  (ISENSCOD criterion) of the form
or the integral of squared error plus the normalized squared derivative of the controller output (ISENSDCO criterion), having the form
www.intechopen.com It is worth to notice, at this point, that tuning methods based on the minimization of ISE guarantee small error and very fast response, particularly useful in the case of regulatory control. However, the closed-loop step response is very oscillatory, and the tuning can lead to excessive controller output swings that cause process disturbances in other control loops.
In contrast, minimization of criteria (13) or (14) leads to smoother closed-loop responses that are less demanding for the process actuators.
www.intechopen.com In order to present systematically Method I, observe first that (6) can also be written as
Setting (-ŝτ +1)(ŝ+1) -1 1-(1+τ )ŝ in the numerator of (15), we obtain
where
Let us now perform a second order MacLaurin approximation of P(ŝ). That is P(ŝ)  P 0 +P 1 ŝ+(P 2 /2)ŝ 2 . Simple algebra yields P 0 =1, 
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It is now clear that, the parameter τ can be selected in such a way that a desired damping ratio ζ des is obtained for the second order approximation (17), of the closed-loop transfer function. With this design specification, the parameter τ must be selected as the maximum real root of the quadratic equation
(1 ) 4 ( 1 ) ( 1 ) 0 . 5 0
Relation (20) suggests that τ depends on τ D and K C . Since, here, it is proposed to select K C according to (10) and (11), it remains to consider how to select τ D . With regard to the parameter τ D , there are several possible alternative ways to select it:
). In this case, in order to calculate the parameters K C and τ , it is necessary to solve equations (10), (11) and (20). To this end, the following iterative algorithm is applied:
Algorithm I
Step
) and ζ=ζ des .
Step 2. Start with an initial values of τ . An appropriate choice is
Step 3. For these values of τ D and τ , calculate C from relation (11), using relation (10).
Step 4. Calculate the integral term τ as the maximum real root of (20).
Step 5. Repeat Steps 3 and 4 until the algorithm converges to a certain value for τ and K C .
Note that the above algorithm always converges to values of K C and τ that satisfy equations (10), (11) and (20). The parameters K C and τ , obtained by the above algorithm, for several values of the desired damping ratio ζ des can be approximated by the functions summarized in Table 4 . These functions have been obtained by applying optimization techniques, which intent to minimize the respective M.N.E.s. These errors never exceed 5%. 
Algorithm II
Step 1. 
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Step 2. For these values of τ D and τ , calculate K C from relation (11) using relation (10).
Step 3. Calculate the integral term τ as the maximum real root of (20).
Step 4. Repeat Steps 2 and 3 until the algorithm converges to a certain value for τ and K C .
Step 5. For the obtained value of τ , select
Step 6. Repeat Steps 2 to 5 until convergence.
Similarly to Algorithm I, Algorithm II always converges to values of K C , τ and τ D that satisfy equations (10), (11) and (20). The parameters K C , τ and τ D , obtained by the above algorithm, for several values of the desired damping ratio ζ des can be approximated by the functions summarized in Table 6 Finally, a third way to choose τ D , is in order to minimize some integral criteria, such as the criteria (13) or (14). In this case, the following iterative algorithm can be applied to achieve admissible controller settings:
Algorithm III
Step 1. Set ζ=ζ des and start with some initial values of τ D and τ . Appropriate initial values are given by relations (21) and (22), respectively. Alternatively, on can initialize the algorithm by using
Step 5. For the obtained value of τ , select τ D in order to minimize (13) or (14).
Note that, Step 5 of the above iterative algorithm is an iterative algorithm by itself. This is due to the fact that optimization algorithms as well as extensive simulations (since there are no close form solution for such integrals in the case of time-delay systems), are used to obtain the optimal values of τ D that minimize them. Iterative algorithms that minimize the aforementioned integral criteria are usually based on the golden section method.
Algorithm III always converges to values of K C , τ , τ D that satisfy equations (10), (11) and (20). Note also that convergence of the algorithm is independent of the initial pair (τ D,init , τ I,init ). The parameters K C , τ and τ D , obtained by the above algorithm, for several values of the desired damping ratio ζ des can be approximated by the functions summarized in Table 7 
A direct synthesis tuning method
The tuning methods presented in the previous Section are somehow complicated, since they are based on iterative algorithms. In what follows, our aim is to present a rather simpler 
Relation (23) 
where the approximations (-ŝτ +1)(ŝ+1) -1 1-(τ +1)ŝ and exp(-dŝ)  1/(dŝ+1) are used to obtain relation (24 
where, the approximation (-ŝτ +1)(ŝd min +1) -1  1-(τ +d min )ŝ is used to produce (25). By performing appropriate division, relation (25) becomes
we obtain Q(ŝ)=0 and
where,
The Routh stability criterion about relation (28) yields
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Hence, as for K P , one can select the middle value of the range given by inequalities (29), i.e.
. This relation, further yields
Solving (30) with respect to K I and taking into account the definition of θ and (27), we obtain
Now, it only remains to specify θ. Note that, θ can be arbitrarily selected as an adjustable parameter in the interval [θ min , ), thus permitting on-line tuning. However, it would be useful for the designer to follow certain rules, based on some criteria relative to the closedloop system performance, in order to select the adjustable parameter θ.
A first criterion for the selection of θ is related to the responsiveness of the closed-loop system. In particular, parameter θ can be selected in such a way that a desired damping ratio ξ des is obtained for the second order approximation (28), of the closed-loop transfer function.
In this case, using the definitions of θ, λ and ξ and the first of (31), after some trivial algebraic manipulations, on can conclude that parameter θ must be selected as the maximum positive real root of the quadratic equation
An alternative tuning can be obtained from the minimization of the integral criteria (13) Gs  =-π, and set θ=2π/(w u β), where β is a parameter to be specified. Note that w u is the solution of
By defining τ min =min{τ ,1}, τ max =max{τ ,1}, and by appropriately using the approximations atan(τ min w u )τ min w u , atan(x)  x+x 2 [π(0.5π-x)] -1 and the fact that τ min +τ max =τ Z +1, we finally obtain (see Arvanitis et al, 2009b , for details)
Having obtained a sufficiently accurate estimation of w u as a function of the normalized process parameters, we now focus our attention on the determination of β that minimizes (13) or (14). Since there is no closed form solution for the minimization of the above integrals in the case of time-delay systems, simulation must be used instead. Here, optimization algorithms are used to obtain the parameter β that minimizes (13) or (14), as a function of d and τ . Table 8 summarizes the estimated parameters β minimizing criteria (13) and (14) in the case of regulatory control (ISENSCOD-L and ISENDCO-L criteria), together with the respective maximum normalized errors.
ISENSCOD-L (Eq. (13) 
Simulation application to a boiler steam drum
The most typical example of an IPDT-IR process is a boiler steam drum. The level (output) is controlled by manipulating the boiler feed water (BFW) to the drum. The drum is located near the top of the boiler and is connected to it by a large number of tubes. Liquid and vapour water circulate between the drum and the boiler as a result of the density difference between the liquid in the down-comer pipes leading from the bottom of the drum to the base of the boiler and the vapour/liquid mixture in the riser pipes going up through the boiler and back into the steam drum. In has been suggested by Luyben (2003) that the transfer function model of the process takes the form (1), with K =0.547, P
We next apply the tuning methods presented in Sections 4 and 5 in order to tune I-PD controllers for the above IPDT-IR model of boiler steam drum, as well to provide a comparison with existing tuning methods for PID controllers. Note that, for the above process model, the method proposed in the work (Luyben, 2003) , for an integral time constant equal to 25% of the minimum PI integral time, yields the conventional PID controller settings K C =1.61, τ =11.5 and τ D =1.15. The method reported in the work (Shamsuzzoha & Lee, 2006) , for λ=0.798, ξ=1, =25, yields the two-degrees-of-freedom PID controller settings, K C =2.3892, τ =3.5778, τ D =0.7249, in the case where the set-point weighting parameter is selected as b=0.3. Finally, the method proposed in the work (Gu et al, 2006) ,d ). Both methods give a better performance, in terms of overshoot, maximum error and settling time, as compared to the method reported in the work by (Luyben, 2003) . They also provide less overshoot in terms of set-point tracking as compared to the method reported in the work by (Gu et al, 2006) . The method reported in the work by (Shamsuzzoha & Lee, 2006) gives the better overall performance, in the present case. However, the proposed method shows a better performance, as compared to known tuning methods, in terms of the initial jump in the closed-loop response.
We next apply Algorithm II of Method I in order to obtain admissible I-PD controller settings in the case where ζ des =0.6. Algorithm II has been initialized with τ D,init =0.3807 and τ I,init =1.3296 and yields the controller parameters P K =2.1071, I K =0.6521 and D K =1.504. The set-point tracking responses as well as the regulatory control responses of the closed-loop system are illustrated in Fig. 9 . The proposed method outperforms the method reported by (Luyben, 2003) , and it is comparable to that reported by (Gu et al, 2006) . Our method shows a better performance in terms of initial jump. The method by (Shamsuzzoha & Lee, 2006) shows, once again, a better performance in terms of overshoot and settling time in case of set-point tracking, while it performs better in terms of maximum error in the case of regulatory control.
The above conclusions hold also in the case where Algorithm III of Method I is applied in order to obtain ζ des =0.6 and, simultaneously, to minimize the integral criterion of the form (13) in case of disturbance rejection. Algorithm III is initialized here τ D,init =0.3807, and τ I,init =1.3296, and provides the controller parameters P K =2.1069, I K =0.6426 and D K =1.5732. Fig. 10 illustrates the closed-loop set-point tracking and regulator control responses for the various methods applied to control the process.
Let us now apply Method II reported in Section 5 to the above IPDT-IR process model of the boiler steam drum and perform a comparison with known methods of tuning PID controllers. To this end, suppose first that the design specification is given in terms of the damping ratio of the closed-loop system, which is selected here as ξ des = 2 / 2 =0.707. In this case, application of Method II gives the I-PD controller parameters P K =3.5624, I K =1.363 and Fig. 8. www.intechopen.com settling time, maximum error (in case of regulatory control) as well as initial jump. Finally, it provides the same set-point tracking capabilities as the method reported in the work (Shamsuzzoha & Lee, 2006) , through the design of a simpler three-term controller structure. 
Conclusions
In this work, a variety of new methods of tuning three-term controllers for integrating deadtime processes with inverse response have been presented. These methods can be classified in two main categories: (a) methods that guarantee the maximum phase margin specification in the frequency domain together with some desired specification in the time domain, and (b) methods based on direct synthesis. With regard to the first class of tuning methods, in order to obtain the optimal controller settings, iterative algorithms are used. In addition, several accurate approximations of these settings, useful for on-line tuning, are derived as functions of the process parameters. On the other hand, the proposed method based on direct synthesis provides explicit relations of the three-term controller settings in terms of the process parameters and of adjustable parameters that can be appropriately assigned to obtain the desired closed-loop performance. The performance of the above tuning methods is tested through their simulation application on a typical IPDT-IR process model of a boiler steam drum. Several successful comparisons of the proposed methods with existing tuning formulas for conventional, IMC-based, and two-degrees-of freedom PID controllers are also reported. From these comparisons, on can readily conclude that the proposed direct synthesis method outperforms existing tuning methods, while the methods based on the analysis of the phase margin of the closed-loop system provide a performance comparable to that of most PID controller tuning methods reported in the extant literature. Pasgianos, G.D. & Kalogeropoulos, G. (2005 First placed on the market in 1939, the design of PID controllers remains a challenging area that requires new approaches to solving PID tuning problems while capturing the effects of noise and process variations. The augmented complexity of modern applications concerning areas like automotive applications, microsystems technology, pneumatic mechanisms, dc motors, industry processes, require controllers that incorporate into their design important characteristics of the systems. These characteristics include but are not limited to: model uncertainties, system's nonlinearities, time delays, disturbance rejection requirements and performance criteria. The scope of this book is to propose different PID controllers designs for numerous modern technology applications in order to cover the needs of an audience including researchers, scholars and professionals who are interested in advances in PID controllers and related topics.
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